We studied a sample of 58 edge-on spiral galaxies at redshifts z ∼ 1 selected in the Hubble Ultra Deep Field. For all galaxies we analyzed the 2D brightness distributions in the V 606 and i 775 filters and measured the radial (h r ) and vertical (h z ) exponential scales of the brightness distribution. We obtained evidence that the relative thickness of the disks of distant galaxies, i.e., the ratio of the vertical scale height and radial scale length (h z /h r ), on average, exceeds the relative thickness of the disks of nearby spiral galaxies. The vertical scale height h z of the stellar disks of galaxies shows no big changes at z ≤ 1. The possibility of the evolution of the radial scale length h r for the brightness distribution with redshift is discussed.
Introduction
A study of edge-on spiral galaxies allows a number of important problems of extragalactic astronomy to be investigated: the structure and stability of galactic disks, the properties and distribution of dust in them, the contribution of dark matter to the structure of galaxies, the large-scale distribution of galaxies, etc. (see, e.g., van der Kriut and Searl 1981; Zasov et al. 1991; de Grijs 1998; Mosenkov et al. 2010 Mosenkov et al. , 2016 Bizyaev et al. 2017; Makarov et al. 2018 ; and references therein). The preceding papers were devoted mostly to edge-on galaxies in the local Universe. Only in a few papers the vertical structure of distant objects was studied. For example, Reshetnikov et al. (2003) investigated edge-on galaxies in the Hubble deep fields north (HDF-N) and south (HDF-S). They found that the relative thickness of the stellar disks of galaxies at redshifts z ∼ 1 exceeds the relative thickness of the disks of nearby galaxies by a factor of 1.5-2. This conclusion was confirmed when analyzing the structure of galaxies in the Hubble Ultra Deep Field (hereafter HUDF) (Elmegreen et al. 2005 ; B. Elmegreen and D. Elmegreen 2006) . The goal of our paper is a photometric study of edge-on spiral galaxies in the HUDF. The main differences between our paper and the previously pub-lished studies are: an analysis of the complete twodimensional (2D) brightness distributions instead of the one-dimensional profiles, using the spectroscopic redshifts for most objects, and a larger size of the sample of edge-on galaxies.
All of the numerical values in our paper are given for the cosmological model with the Hubble constant of of 70 km s −1 Mpc −1 and Ω m = 0.3, Ω Λ = 0.7.
The sample of galaxies and data reduction
To study the edge-on spiral galaxies, we used the HUDF frames in the F606W (hereafter V 606 ) and F775W (i 775 ) filters (Beckwith et al. 2006 ). In these color bands the HUDF images are deeper than those in other original filters. The pixel size is 0.03 ′′ . In the first step, on the field image in the V 606 filter we selected 901 galaxies with an apparent flattening b/a ≤ 0.55, an area ≥24 pixels, and S/N > 3 in each pixel using the SExtractor package (Bertin and Arnouts 1996) . Such a soft constraint on the flattening was used in order not to throw away the galaxies with close neighbors. In several cases, SExtractor does not separate them, but detects them as a single object. Next, based on a visual examination of the images for the objects in different filters and with different brightness contrasts, we left 77 candidates for edge-on galaxies in the sample. To analyze the photometric structure (decomposition) of the galaxies, we used the Imfit package (Erwin 2015) with the PSF (point spread function) generated for the HUDF by the Tiny Tim code (Krist et al. 2011) . A comparison of the PSF with the sample objects images showed that the disks of all galaxies are resolved with confidence in both radial and vertical directions.
In the selected candidates for edge-on galaxies the bulges are noticeable approximately in a quarter of the objects. In most cases, these bulges are faint and are on the verge of resolution. Therefore, to describe the photometric structure of the galaxies, we chose the simplest model of an edge-on double exponential disk (see, e.g., van der Kriut and Searl 1981):
where I 0,0 , h r , and h z are the central surface brightness, radial and vertical exponential scales of the disk, respectively, and K 1 is a modified first-order Bessel function. The bulges, if they were visible, were fitted by a Sérsic function. The nearby objects projected onto the galaxies under study were masked before the Imfit operation. If, however, the area of the hampering objects was too large, then during the decomposition they were fitted by a combination of different model functions and were subtracted.
An analysis of the residual images (the original image minus the model one) revealed that 19 of the 77 galaxies either are not edge-on galaxies or have a very complex and asymmetric structure. These objects were excluded from the subsequent consideration. Thus, the final sample of edge-on galaxies studied in our paper consists of 58 objects. Examples of our photometric analysis for three galaxies are given in Fig. 1 .
For 33 sample galaxies we took their spectroscopic redshifts from Inami et al. (2017) and Rafelski et al. (2015) . For 23 objects we used the photometric z from Rafelski et al. (2015) (BPZ redshifts). For two galaxies the redshifts were not found.
The final characteristics of the candidates for edgeon galaxies in the HUDF are listed in Table 1 . Column 1 in the table gives the object ordinal number in the sample, columns 2 and 3 provide the coordinates of the galactic center on the original HUDF image in pixels, the next columns give the galaxy number from Coe et al. (2006) and its apparent F606W magnitude in the AB system of magnitudes (Rafelski et al. 2015) . Column 6 gives the redshifts, with the photometric z being marked by colons. For galaxy N 47 the photometric z is very low (0.04). This value leads to implausible characteristics of the galaxy and, therefore, we do not use it in the subsequent analysis. Columns 7 and 8 in Table 1 provide the classes introduced by us, which reflect the subjective probability that a galaxy belongs to edge-on ones (eon) and the quality of the photometric decomposition (f it) (1 means the highest probability and quality, 3 means a low one).
The decomposition results are summarized in the last columns of the table. (We are interested in the scales of the brightness distribution h r and h z , so that the central surface brightnesses of the galaxies are not discussed in the paper.) For both exponential scales the first and second numbers refer to the V 606 and i 775 filters, respectively. For three galaxies (N 1, N 15, and N 47) the results in Table 1 are presented in arcseconds. The typical measurement error of the scales yielded by the Imfit code is less than 10%.
Results and discussion
3.1. General characteristics of the sample galaxies Figure 2 shows the distributions of the galaxies by the redshift and apparent V 606 magnitude. The mean redshift of the galaxies we consider is z = 1.23 ± 0.69 (here and below, the unbiased sample variance is given as an error). The galaxies with spectroscopic z are, on average, nearer than the objects with photometric estimates ( z = 1.01 ± 0.34 vs. z = 1.57 ± 0.92) and are brighter ( Fig. 2) . For the cosmological model adopted in this paper the redshift z = 1.2 corresponds to the time elapsed after the beginning of cosmological expansion, ∼5 Gyr. Consequently, the epochs at which we study the galaxies in the HUDF and the regions of the nearby Universe (z ≈ 0) are spaced more than 8 Gyr apart. It is hoped that on such a long time scale we will be able to find evidence for the evolution of the global structure of disk galaxies. Figure 3 shows the distribution of the galaxies at z ≤ 2 in luminosity. The redshift constraint was used, because the photometric z (only these are known for galaxies at z > 2) for distant galaxies are generally less accurate than those for nearer ones. To find the absolute B magnitudes (M (B)), we used the results by Sirianni et al. (2005) and for all objects applied the k-correction for an Sc galaxy from Bicker et al. Examples of photometric modeling for three sample galaxies. From left to right: the original image, the model, and the difference of the original and model images. The upper, middle, and lower rows show, respectively, the images of galaxies N 9 (the frame size along the horizontal axis is 4.6 ′′ ), N 22 (the corresponding size is 3.8 ′′ ), and N 27 (4.6 ′′ ) from Table 1 .
(2004). The mean observed luminosity for the edge-on galaxies in the HUDF is M (B) = −18. m 5 ± 1. m 4. Given the correction for internal absorption, which reaches ∼ 1 m − 1. m 5 for edge-on galaxies (see, e.g., Tully et al. 1998 ), the luminosities of these galaxies seen face-on, on average, reach values in the range from -19 m to -20 m . Figure 4 shows the distributions of the sample galaxies by h r and h z values expressed in kpc in the i 775 filter. The mean values of these distributions are h r = 1.97 ± 0.92 kpc and h z = 0.49 ± 0.16 kpc. If we restrict ourselves only to the objects of eon and f it classes 1 and 2 (the number of such galaxies in the sample is 22), then h r = 2.39 ± 0.89 kpc and h z = 0.52 ± 0.20 kpc. The above scales look typical for edge-on nearby galaxies (Bizyaev et al. 2014 ).
The mean ratio of the radial scale lengths in the V 606 and i 775 bands is 1.08±0.08, implying the existence of a color gradient -the stellar disks of distant galaxies are, on average, bluer to the periphery. This feature is typical for the disks of nearby spiral galaxies. The ratio of the vertical scale lengths in the same filters exhibits no noticeable wavelength dependence: h z (V 606 )/h z (i 775 ) = 0.97 ± 0.07. This is also consistent with the data for nearby galaxies (see, e.g., Bizyaev et al. 2014 ).
Sample completeness
Obviously, our sample of edge-on galaxies in the HUDF is incomplete. This incompleteness should be most pronounced for faint and poorly resolvable galaxies, in which the orientation of the stellar disks with respect to the line of sight is difficult to determine.
We will use two methods to roughly estimate the expected number of edge-on galaxies in the HUDF.
On the one hand, consider the general statistics of galaxies in the HUDF. According to Coe et al. (2006) , there are ∼8000 galaxies in this field. The to- tal number of spiral galaxies selected by their spectral energy distribution with an apparent F606W magnitude brighter than 27. m 5 (this corresponds to the faintest galaxy in our sample) and z ≤ 2 is 1233. Assuming a random orientation of the galactic planes, we can roughly estimate the relative fraction of edgeon galaxies (with an inclination between the line of sight and the normal to the disk plane ≥ 85 o ) to be | cos 90 o -cos 85 o | = 0.087. Consequently, the expected number of edge-on spiral galaxies in the HUDF is 1233×0.087 ≈ 10 2 .
On the other hand, we can take the luminosity function of nearby edge-on spiral galaxies and estimate how many such objects should be observed toward the HUDF. For our estimation we took the luminosity function of spiral galaxies based on data (Fig. 3) is 0.022 Mpc −3 . Consequently, the space density of edge-on galaxies is 0.022 × 0.087 = 0.002 Mpc −3 . Having integrated this space density towards the HUDF (its angular size is ∼ 10 −6 sr), we found that within z ≤ 2 about 90 galaxies should be observed in the field. The expected distribution of these 90 galaxies in luminosity is indicated in Fig. 2 by the blue dashed line.
It can be seen from Fig. 3 that for bright (with M (B) ≤ −18 m ) objects the number of galaxies selected in the HUDF roughly agrees with the expected one. The observational selection for fainter galaxies is apparently much stronger. Consequently, for bright galaxies our sample is probably relatively complete, while many galaxies can be missed among the fainter objects.
It is worth noting that the above reasoning is not too reliable, because in Fig. 3 we compare the observed luminosities of distant edge-on galaxies with the luminosities of nearby galaxies. Because of their edge-on orientation, the distant galaxies look fainter by ∼ 1 m than the face-on galaxies. On the other hand, however, the galaxies at z ∼ 1 should be brighter than the nearby objects approximately by 1 m due to the evolution of their luminosity. Both effects can partly compensate each other out and, therefore, for illustrative purposes we still compare the luminosities of the nearby and distant galaxies in Fig. 3 .
Another factor that is difficult to take into account is the evolution of the properties of the spiral galaxies themselves. Because of this effect, many of the distant galaxies that look irregular and asymmetric at z ∼ 1 can evolve into typical spiral galaxies with thin stellar disks by z ∼ 0.
Relative thickness of the stellar disks
The mean ratio of the radial and vertical exponential disk scales for the entire sample (58 galaxies) in the i 775 band is h r /h z = 4.02 ± 1.28. If we restrict ourselves only to the objects of classes 1 and 2, which characterize the probability of assignment to edge-on galaxies and the decomposition quality, then h r /h z = 4.61 ± 0.98 (22 galaxies). In the V 606 filter the corresponding quantities are h r /h z = 4.46±1.45 and h r /h z = 5.27 ± 1.23.
These mean values look smaller (i.e., the galactic disks are thicker) than those for spiral galaxies in the nearby Universe. For example, in the biggest presentday catalog of edge-on galaxies containing more than 5000 objects (Bizyaev et al. 2014) , the mean values of this ratio vary from 6.34 in i to 7.14 in g (here we took into account the fact that h z = z 0 /2; g and i are the SDSS 1 filters). Other samples of edge-on galaxies also suggest thinner stellar disks of nearby spiral galaxies: for example, 7.4±2.6 (the I filter; de Grijs 1998), 16±4 (Sc/Sd galaxies in the R filter; 2017) used the same photometric model as that in our paper to describe the structure of the galaxies. The data from the remaining papers were recalculated by taking into account the ratio h z = z 0 /2. Note that we compare the observed relative thicknesses of the galaxies from the HUDF with those for the nearby edge-on galaxies. This is because the stellar disks seen edge-on look more extended due to the integration of emission along the line of sight. This effect can introduce certain systematics into the radial scale lengths measured by different methods. For example, Padilla and Strauss (2008) and Rodriguez and Padilla (2013) estimated the thickness of spiral galaxies by studying the distribution of galaxies from SDSS in apparent flattening. As the apparent flattening these authors took the SDSS axial ratio found by fitting the galaxies with an exponential model. According to the first and second papers, the true flattening of the disks of spiral galaxies is 0.21±0.02 and 0.27±0.009, respectively. These values correspond to h r /h z = 4.8 and 3.7 are close to our data for distant galaxies. On the other hand, detailed modeling of the structure of nearby edge-on galaxies is in conflict with such large stellar disk thicknesses (see the references above). Figure 5 shows the positions of our edge-on galaxies with eon and f it classes equal to 1 and 2 on the absolute magnitudeh r /h z plane in the i 775 band. The same figure displays the data from the catalog of nearby edge-on galaxies (Bizyaev et al. 2014 ). The galaxies from the HUDF are seen to be located along the lower envelope of the distribution for nearby spiral galaxies, i.e., where there are the thickest observed disks. Thin stellar disks with an exponential scales ratio of ≈10 are apparently very rare among the galaxies at z ≈ 1.
To a first approximation, the reduced ratio h r /h z for distant galaxies can be explained by two factors: (1) an increased (in absolute terms) thickness of their disks and (2) shorter disks in the radial direction. Figure 6 compares the characteristics of the galaxies from the HUDF displayed in Fig. 5 with the parameters of nearby objects on the galaxy absolute magnitude -vertical exponential scale height (in kpc) and absolute magnitude -radial scale length (in kpc) planes.
It can be seen from Fig. 6a that the distant spiral galaxies, though with a large scatter, generally follow the luminosity -stellar disk thickness relation for objects in the nearby Universe. For the radial scale lengths (Fig. 6b ) the situation looks differently: the characteristics of relatively faint distant galaxies with M (B) ≥ −18 m lie in the same region as that for nearby objects, while brighter galaxies exhibit relatively short stellar disks.
To check this feature, we plotted the characteristics of 49 spiral galaxies at z = 0. Fig. 6b ). The galaxies from Miller et al. (2011) have an arbitrary (not edge-on) orientation and they were selected in the GOODS field of the Hubble Space Telescope. It can be clearly seen from the figure that the distant objects from this paper lie on the M (B) − h r plane below the nearby galaxies and form a single sequence with the galaxies from the HUDF that deviates from the sequence for the objects at z ∼ 0. The galaxies from Miller et al. (2011) are, on average, brighter than the objects of our sample (the correction for internal absorption does not compensate for the luminosity difference), so that, on the whole, the results of our papers complement each other.
In Figs. 5 and 6 we compare the observations of distant galaxies in the i 775 filter with the data for nearby galaxies in the g filter (the effective wavelength of the filter is ≈ 4600Å). This is not quite correct since, due to cosmological redshift, the observed i 775 filter at z ≈ 1 corresponds to wavelength range ≈3500-4000Å in the galaxy rest frame. Since the vertical scale height of the stellar disks depends weakly on wavelength (see above), the difference between the color bands plays no major role for them. The exponential scale lengths show a wavelength dependence: the values of h r , on average, decrease with increasing wavelength. Given this effect, the difference between the distant and nearby galaxies in Figs. 5 and 6 is even more pronounced.
Thus, our results in combination with the data from Miller et al. (2011) may provide evidence for differential evolution of the radial sizes of spiral galaxies at z ≤ 1: the low-luminosity objects show no evidence of evolution, while the bright spiral galaxies from z ∼ 1 to the present epoch should grow by a factor of 2-3. On the other hand, the scale height of spiral galaxies shows no evidence of noticeable evolution at z ≤ 1 (Fig. 6a ). Consequently, the increased relative thickness of the stellar disks of spiral galaxies at z ∼ 1 is explained primarily by the smaller radial sizes of their disks.
The results obtained are consistent with the numerical simulations within ΛCDM cosmology. For example, Brook et al. (2006) showed that at z ∼ 1 the scale heighs of the stellar disks are already close to the present-day ones, while the radial scales are noticeably shorter. The quantitative agreement between the results looks good. For example, according to table 2 from Brook et al. (2006) , a spiral galaxy at z ∼ 0.9 with M (B) = −21. m 1 (seen edge-on, the galaxy will be fainter approximately by 1 m ), h r = 2.9 kpc, and h z = 0.63 kpc will evolve by z = 0 into a galaxy with M (B) = −19. m 7, h r = 4.1 kpc, and h z = 0.65 kpc. Thus, between z ∼ 0.9 and the current epoch the relative thickness of the model galaxy changed from h r /h z = 4.6 to 6.3, with this change having occurred due to the growth of the galaxy in the radial direction.
Based on numerical simulations, Brooks et al. (2011) showed that the evolution of disk galaxies depends on their mass. The massive spiral galaxies at z ≤ 1 mostly grow in the radial direction; for the lowmass ones the change in their sizes is less pronounced, but, on the other hand, the luminosity changes more dramatically (see table 3 in Brooks et al. (2011) ). The sizes of spiral galaxies increase due to the external accretion of matter and the merging of satellites.
Conclusions
Based on an analysis of the HUDF images, we produced a sample of 58 candidates for edge-on spiral galaxies at a mean redshift z ∼ 1. For all galaxies we analyzed the 2D brightness distributions in the V 606 and i 775 filters and determined the radial and vertical exponential scales of the brightness distribution.
Our main results are as follows: -The scale height of the stellar disks of spiral galaxies shows no significant evolution at z ≤ 1.
-The relative thickness of the disks of distant galaxies, on average, exceeds the relative thickness of the disks of nearby spiral galaxies. Thin stellar disks at z ∼ 1 are apparently very rare.
-We obtained evidence for differential evolution of the exponential scale lengths of the stellar disks of galaxies: the bright spiral galaxies at z ∼ 1 look shortened compared to the nearby objects; the lowluminosity galaxies show no evidence of evolution.
The results of this paper are based on a small sample of galaxies and, undoubtedly, need to be confirmed with a larger number of objects. On the whole, our observational results are consistent with the current views of the evolution of the disk subsystems of galaxies and they can be used to test various models for the evolution of spiral galaxies. This work was supported by the Russian Science Foundation (grant no. 19-12-00145).
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